sodium-binding benzofuran isophthalate (SBFI-AM) was obtained to maintain Na / ,K / -ATPase activity during resting condi- (BASF) and then transferred to an experimental chamber (volume tions but can serve as prominent pathways of Na / influx into Ç500 ml), where they were perfused with saline at a flow rate spinal cord astrocytes when channel inactivation is removed. of Ç1 ml/min. For purposes of comparison with earlier studies Sontheimer et al. 1992 Sontheimer et al. , 1994 , experiments were carried out at room temperature (20-22ЊC).
M E T H O D S
The experimental chamber was mounted on the stage of a Nikon-
Cell cultures
Diaphot-TMD inverted microscope equipped with an oil-immersion objective (Nikon Fluor 40/1.30). Cells were excited every Astrocyte cell cultures were prepared as described previously 10 s at 345 and 390 nm and emission fluorescence ú510 nm was . In summary, rat pups (Sprague-Dawley collected, averaging 10 video frames. Emission of single cells (cell rats, postnatal day 0) were anesthetized by CO 2 narcosis and decap-soma and prominent processes) was quantified with a computer itated. Spinal cords were removed and exposed to papain (30 U/ program from Georgia Instruments (Roswell). Autofluorescence ml for 30 min; Worthington). After trituration, the dissociated and dye bleaching were negligible during the experiments. cells were plated onto poly-L-ornithine/laminin-coated (Sigma) To calibrate SBFI's sensitivity to changes in [Na / ] i , cells were coverslips in complete medium (Earle's minimum essential me-perfused with calibration solutions containing different Na / condium; JRH Biosciences) containing 10% fetal bovine serum centrations and the ionophores gramicidin (3 mM) and monensin (Hyclone), 6 mM glucose, and penicillin/streptomycin (120 U/ (10 mM) to equilibrate extra-and intracellular [Na / ]. During ml and 120 mg/ml, respectively; Sigma). Cells were maintained perfusion of these calibration solutions, the 345/390 nm fluoresat 37ЊC in a 5% CO 2 -95% humid air atmosphere and half the cence ratio of intracellular SBFI changed monotonically with medium was exchanged every 3-4 days. changes in [Na / ] i (not shown), with a slope of 0.16 per 10 mM Measurements were made using cells between 6 and 10 days in Na / from 0-30 mM [Na / ] i (n Å 47) and a slope of 0.07 per 10 culture, when Na / channel expression is at its maximum in cultured mM Na / ú30 mM [Na / ] i (n Å 40). Calibration properties were spinal cord astrocytes . At this time in the same in stellate and nonstellate cells. Comparison of the ratio culture, cells had not reached confluence. Two astrocyte cell types, values obtained in Na / -free saline with those obtained during which express two different types of Na / currents (Sontheimer perfusion with Na / -free calibration solution confirmed that the and Waxman 1992; Sontheimer et al. 1992) , were differentiated calibration solutions did not induce artifacts due to their restricted morphologically and identified according to criteria published ear-ionic composition (see earlier text). lier ). Stellate astrocytes were characterized As observed earlier Ransom 1996a, 1997a) , intracelby round, small somata and numerous processes and represented lular SBFI was sensitive to changes in intracellular pH. In astro-Ç5 -10% of cells on a given coverslip. Nonstellate astrocytes were cytes that were clamped to a [Na / ] i of 15 mM at a pH of 7.1, composed of round, nonprocess-bearing cells (''pancake'' cells, acidification to pH 6.7 resulted in a decrease of the ratio signal, Ç5% ) and polygonal cells (''flat'' astrocytes, Ç80 -90%) (cf. Fig. mimicking Fig. 2A, cf. Fig. 1C ). The effects of veratridine were blocking their inactivation increase; a bi-2), whereas 78% of cells responded when veratridine was phasic signal was observed in 7% of stellate and 17% of applied at a concentration of 100 mM for ¢5 min (n Å 138).
nonstellate cells (Fig. 4B) . Therefore, the latter concentration and application duration
To determine whether the effect of veratridine was mediwere chosen for all subsequent experiments (unless stated ated by an effect on Na / channels, we studied astrocytes otherwise). During veratridine application, we did not obthat had been exposed to both veratridine and TTX. Both serve changes in the fluorescence emission after excitation with the Na / -insensitive wavelength 345 nm. were blocked totally and reversibly by 10 mM TTX (n Å 2 at receptor site 2 , were tested. Aconitine, applied at 200 mM for 15 min, had effects that were qualitastellate, 10 nonstellate cells; Fig. 2, A and B) . This indicated that the effects of veratridine were solely dependent on its tively similar to those of veratridine, causing either an increase or a decrease in [Na / ] i (n Å 9 stellate; n Å 97 action on voltage-gated Na / channels and not related to a possible nonspecific alteration of K / or Ca 2/ channel con-nonstellate cells; not shown).
The overall percentage of cells reacting to the drug (72% ductances as reported earlier (Romey and Lazdunski 1982; Verheugen et al. 1994) . (Fig. 5D) .
Influence of aconitine on

Effects of (a-)scorpion toxin
(a)-Scorpion toxins are polypeptide toxins from scorpion Effects of membrane depolarization venoms that slow or block the inactivation of Na / channels by binding to receptor site 3 ). In addition, Veratridine has been reported to bind only to voltagegated Na / channels in the open state (Catterall 1977 ; Sutro their binding enhances the effects of lipophilic neurotoxins like veratridine or aconitine acting at receptor site 2 (Catter-1986) . We tested the effect of a membrane depolarization, which significantly increases Na / channel inactivation in all 1977, 1980) . We tested whether this cooperative action between the two receptor sites also was present on spinal spinal cord astrocytes , on veratridine-induced [Na / ] i changes. Cells were depolarized cord astrocyte Na / channels by using crude scorpion toxin from the venom of Leirus quinquestriatus, whose main ac-by elevating the external [K / ] concentration ([K / ] e ) from its standard value of 5 mM to 40 mM (with reciprocal reductive component is an (a)-scorpion toxin (Catterall 1976 (Fig. 5D) , and a biphasic decreaseincrease in [Na / ] i was elicited in one cell of each type (not Ç70% in both stellate (n Å 9) and nonstellate (n Å 9) cells (Fig. 6A) . Switching back to normal saline (5 mM [K / ] e ) shown).
Combined application of scorpion toxin and veratridine immediately after removal of veratridine caused a second rise in [Na / ] i (Fig. 6B) , presumably because the drug was amplified the effects that each drug had alone (Fig. 3) . In addition to increasing the amplitude of [Na / ] i changes, the still present and the membrane repolarized, reducing the percentage of inactivated Na / channels and increasing the percentage of responding cells was increased. All stellate cells tested (n Å 18) and 95% of nonstellate cells (n Å 37) driving force for inward movement of Na / . These results confirm that the effects of veratridine strongly depended on reacted with changes in [Na / ] i when the two drugs were applied together. (Fig. 7, B and C) . slowly reversible in nerve and muscle cells if the drugs are applied for ú1 min, presumably because they tend to parti-Contribution of Na / flux via Na / channels to baseline tion in the lipid bilayer (Strichartz et al. 1987 ; Ulbricht [Na / ] i 1969). In agreement with this view, we recently showed that cultured hippocampal neurons were unable to recover Our experiments confirm earlier results in indicating that a high percentage of cultured spinal from [Na / ] i increases caused by 3 min application of veratridine (Rose and Ransom 1997a). In contrast, spinal cord cord astrocytes express Na / channels, which is consistent with the demonstration of Na / channel mRNA and protein astrocytes rapidly and immediately recovered from even massive [Na / ] i loads caused by veratridine application of in these cells (Black et al. 1994b Oh et al. 1994) .
Although differences between astrocytes in vitro and in vivo°30 min, and recovery sometimes took place while the drug still was present (see earlier text). might exist, it is important to note that spinal cord astrocytes in situ express Na / channel protein at levels that are detectTo investigate if the rapid recovery from [Na / ] i increases caused by veratridine in spinal cord astrocytes resulted from able by immunocytochemistry (Black et al. 1994a) . The observation that some cultured spinal cord astrocytes hypera membrane hyperpolarization due to opening of K / channels, allowing the closing of veratridine-modified Na / chan-polarize upon removal of extracellular Na / or application of TTX (Sontheimer et al. 1994) sugnels (Sutro 1986), we applied 4-aminopyridine (4-AP), which blocks voltage-activated outward K / currents in spi-gested that these cells display a resting Na / conductance. The presence of open Na / channels at resting potential also nal cord astrocytes h), enabling ''window currents'' at these astrocytes thus far and because channel open probability is likely to be smaller in vivo, our potentials . When depolarized, the astrocytes display a peak Na / current density of results call the role of Na / channel activity in regulating astrocytic Na / ,K / -ATPase into question. 100 pA/pF, with an estimated open probability of 0.25 
